The purpose of this study was to determine whether or not caffeine would exacerbate renovascular hypertension. Therefore, we examined the effects of chronic caffeine administration on arterial blood pressure in rats subjected to either unilateral renal artery clipping (2K-1C rats) or sham-operation. Animals in each group were randomly assigned to receive either 0.1% caffeine in their drinking water or normal drinking water, and systolic blood pressure was monitored for 6 wk. Caffeine markedly exacerbated the severity of hypertension in 2K-1C rats and caused histological changes consistent with malignant hypertension. 6 wk after surgery, systolic blood pressure, plasma renin activity, and creatinine clearance in control 2K-1C rats were 169±5 mmHg (mean±SEM), 4.4±0.5 ng AI * ml-' * h-1, and 2.9±0.2 ml/mi, respectively; as compared with 219±4 mmHg, 31.8±7.8 ng AI * ml-' * h-', and 1.4±0.3 ml/min, respectively, in 2K-1C rats receiving caffeine (all values were significantly different compared with control 2K-1C). Chronic caffeine administration did not alter systolic blood pressure, plasma renin activity, or creatinine clearance in sham-operated rats or spontaneously hypertensive rats. Chronic treatment with enalapril (a converting enzyme inhibitor) prevented the development of hypertension in control 2K-1C rats and caffeine-treated 2K-1C rats; however, withdrawal of enalapril precipitated a rapid rise in systolic blood pressure in caffeine-treated 2K-1C rats, but not in control 2K-1C rats. These experiments indicate that caffeine specifically exacerbates experimental renovascular hypertension and might worsen the hypertensive process in patients with renovascular hypertension.
Introduction
Recently, we discovered that exogenous adenosine markedly attenuates the release of renin induced by renal artery hypotension (1) . Since adenosine is an endogenously occurring substance, both in plasma and in renal tissue, it is possible that endogenous adenosine moderates the renal renin response to renal ischemia. The release of renin in response to renal ischemia plays a significant role in the pathophysiology of renovascular hypertension. If endogenous adenosine does indeed restrain the renal renin response to renal ischemia, then blockade of adenosine receptors might enhance the release of renin in renovascular hypertension and, thereby, exacerbate the hypertension. Caffeine is a well-known antagonist of adenosine receptors (2, 3) and is widely consumed in large doses in coffee, tea, and some carbonated beverages. Given the theoretical considerations discussed above and given the ubiquitous consumption of caffeine by the world community, we felt that the effect of caffeine on blood pressure in renovascular hypertension should be investigated. Our results indicate that caffeine greatly exacerbates experimental renovascular hypertension. Further, we found that this effect was specific for renovascular hypertension and does not occur in a model of genetic hypertension.
Methods
Preparation oftwo-kidney-one-clip (2K-iC)' renovascular hypertensive rats. Male Sprague-Dawley rats (9 wk old; 234±21 g; mean±SD) were obtained from Sasco, Inc. (Omaha, NB) and acclimated to our animal care facility for at least 1 wk. Animals were anesthetized with pentobarbital (50 mg/kg, i.p.), and a midline incision was made in the abdomen. The cecum and part ofthe small intestines were exteriorized to enable access to the left kidney. All organs were kept moist with normal saline. The left renal artery was isolated, and a silver clip (0.25-mm gap) was placed around the left renal artery. In some animals the clip was removed (shamoperated rats) and in others the clip remained on the renal artery (2K-1C rats). The intestines were restored to their normal position, the abdominal wall was sutured with 4-0 silk suture, and the skin was held together using 9-mm wound clips. All animals were housed four to a cage in a central animal care facility, which provided a constant temperature (220C) and humidity and a light/dark cycle of 12 h (lights on from 6:00 a.m. to 6:00 p.m.). Rats were maintained on a diet of Wayne Lab-Blox (Allied Mills, Inc., Memphis, TN) containing 170 meq Na+/ kg and 246 meq K+/kg and water ad lib.
Tail cuffmeasurement ofsystolic bloodpressure. Systolic blood pressure (SBP) was determined with a photoelectric tail cuff instrument (model 20-NW cuff pump, model 59 pulse amplifier, and model 65-24 manual scanner, II TC, Inc., Woodland Hills, CA) as previously described (4) . Due to the increased sensitivity ofthis technique compared with the plethysmographic detection method, it was possible to determine SBP without prior heating when the animals were maintained at an ambient temperature of 27'C. Therefore, this technique avoided heat stressing the animals. In each rat, SBP was monitored during three separate sessions weekly for 6 wk, and during each session, SBP was measured three times. For each rat, the average of these nine weekly measurements was taken as the SBP for a given week.
Effect ofcaffeine on the depressor response to adenosine. The purpose of our study was to determine the effects of chronic caffeine administration, at doses providing sustained inhibition of adenosine receptors, on arterial blood pressure in renovascular hypertensive rats. Before this goal could be achieved, a dose-regimen for caffeine administration that afforded blockade of adenosine receptors had to be found. A previously published study indicated that 0.1% caffeine in drinking water provided sufficient caffeine intake to cause sustained adenosine receptor inhibition (5) . To verify that this was indeed true in our hands, we examined the influence of 0.1% caffeine in drinking water on vascular responses to adenosine in conscious, unrestrained rats. Normotensive male Sprague-Dawley Rats (14-15 wk of age) were randomized to receive either 0.1% caffeine in drinking water (n = 6) or drinking water without caffeine (n = 6). After 1 wk, animals were anesthetized with pentobarbital, and the jugular vein and carotid artery were cannulated with polyethylene-50 tubing. The cannulae were tunneled subcutaneously to the back of the neck and exteriorized. The animals were fitted with a protective jacket (Alice King Chatham Medical Arts, Los Angeles, CA), and the catheters were protected with a metal coil and were connected to a miniature channel swivel. Animals could move freely, eat, and drink once they regained consciousness. At least 24 h after surgery, depressor responses to adenosine were determined by infusing increasing doses of adenosine (0.066, 0.1, 0.33, and 0.66 mg/kg per min) into the jugular vein (15 min per dose) while monitoring arterial blood pressure via the carotid cannula. Blood pressure was monitored via a pressure transducer (Hewlett-Packard Co., Palo Alto, CA) interfaced with a recorder (model 7768A; Hewlett-Packard Co.)
As shown in Fig. 1 , the dose-depressor response curve to adenosine was shifted significantly to the right in caffeine-treated animals compared with non-caffeine-treated animals. The shift in the dose response curve was parallel, which suggests competitive inhibition of adenosine receptors by the plasma level of caffeine achieved with 0.1% caffeine in drinking water. Importantly, this dose of caffeine did not cause any abnormal behavior, activity, or sleep pattern in this group or any of the other groups of rats studied.
ProtocolA: caffeine in 2K-IC and sham-operated rats. 27 2K-IC rats were randomized to receive either 0.1% caffeine as drinking water (2K-1C caffeine I group; n = 8) or drinking water without caffeine (2K-IC no caffeine group; n = 19). Treatment with caffeine began immediately after surgery in the 2K-IC caffeine I group. After 3 wk, the surviving animals (n = 16) in the no caffeine group were randomized to continue in the 2K-IC no caffeine group (n = 8) or to receive 0.1% caffeine as drinking water (2K-IC caffeine II group; n = 8). In addition, 16 shamoperated rats were randomized to receive either 0.1% caffeine in drinking water (sham-caffeine group; n = 8) or drinking water without caffeine (sham-control group; n = 8). Treatment with caffeine began immediately after surgery in the sham-caffeine group. In all groups, SBP was monitored for 6 wk as described above, and at the end ofthe study rats were housed individually in metabolic cages (Nalge Co., Rochester, NY) for 72 h. During the last 24 h, food intake, water intake, and urine output were determined. Urine samples were analyzed for sodium and creatinine levels. Finally, animals were rapidly decapitated, and the first 3 s ofblood were collected for determination ofplasma renin activity (6) . Additional blood was collected for measurement ofplasma creatinine level, plasma sodium concentration, and, in the 2K-IC-caffeine I, 2K-IC caffeine II, and sham-caffeine groups, plasma caffeine level.
Protocol B: caffeine in enalapril-treated 2K-IC rats. 16 rats were randomized to receive either 0.1% caffeine as drinking water (n = 8) or drinking water without caffeine (n = 8). After 1 wk of pretreatment, a silver clip was placed on the left renal artery of all 16 rats as described above. Immediately after surgery, enalapril was added to the drinking water of all 16 rats to give a final concentration of 0.03% enalapril. The enalapril treatment was maintained for 3 wk and then withdrawn, whereas treatment with caffeine was continued in the group initially randomized to caffeine. SBP was monitored for 6 wk as described above. At the end of the study, food intake, water intake, urine output, sodium and creatinine levels in plasma and urine, and plasma renin activity were determined as described in protocol A.
Protocol C: caffeine in spontaneously hypertensive rats (SHR). Fivewk-old SHR of the Okamoto-Aoki strain (Taconic Farms, Inc., Germantown, NY) were acclimated to our animal care facility for 1 wk and then randomized to receive either 0.1% caffeine in drinking water or drinking water without caffeine at 6 wk ofage. SBP was monitored weekly, as described above, for 7 wk. At the end ofthe study, food intake, water intake, urine output, sodium and creatinine levels in plasma and urine, and plasma renin activity were determined as described in protocol A.
Sample analysis. Blood samples for plasma renin activity were collected in prechilled tubes containing 50 Al of 10% EDTA and placed immediately on ice. Samples were centrifuged at 4VC, and the plasma was frozen (-20'C) until assayed for plasma renin activity as previously described (7). Plasma and urine were analyzed for creatinine using a creatinine autoanalyzer (Beckman Instruments, Inc., Fullerton, CA) and for sodium using a flame photometer. Plasma caffeine levels were determined using a variation of a previously described method (8) . Briefly, 100 Ml of beta-hydroxyethyltheophylline (10 mg/ml; internal standard) was added to 100 Ml of plasma, and this solution was loaded onto a 1-ml reverse-phase (C-18) column (Bond Elut; Analytichem International, Inc., Harbor City, CA) that previously had been activated with 2 ml of methanol and washed with 2 ml of distilled water. After loading the sample, the column was washed with 2 ml of distilled water, and methylxanthines were eluted with 400 Ml of acetone. Caffeine was analyzed with a high pressure liquid chromatographic system consisting of a pump (model M45; Waters Assoc., Milford, MA), an injector (Rheodyne, Inc., Cotati, CA), a 5-Mm column (Biophase OD5; Bioanalytical Systems, Inc., West Lafayette, IN), and an ultraviolet detector (model 160; Beckman Instruments, Inc.) set at a wavelength of280 nm and a sensitivity of0.25 absorbance unit full scale. The mobile phase, consisting of 2% acetic acid and 6% acetonitrile, was delivered at a flow rate of 1.5 ml/min at -2,000 psi. After evaporation under nitrogen, the sample was reconstituted in 100 Ml of mobile phase, and 10 Ml was injected into the chromatographic system. Caffeine levels were determined by comparing the peak height ratios of caffeine to internal standard against a standard curve in methylxanthine-free plasma.
Statistical analysis. The time-SBP relationships between caffeinetreated and non-caffeine-treated animals were compared by two-factor ANOVA using the Statistical Package for the Social Sciences on the Vanderbilt Digital Equipment Corporation 1099 computer. Comparisons between caffeine and non-caffeine-treated animals at specific time points were made using a two-tailed, unpaired Student's t test. Multiple comparisons among all five groups were performed using a Student-NewmanKeuls (SNK) test. The criterion of significance was P < 0. group and in the 2K-1C caffeine I group. However, SBP rose more rapidly and achieved a higher maximum in the 2K-IC caffeine I group. The overall time-pressure relationships for the 2K-IC caffeine I group and the 2K-IC no caffeine group were significantly different by two-way ANOVA (P < 0.001). Also, the SBP in the 2K-IC caffeine I group was significantly (P < 0.01) higher than the SBP in the 2K-1C no caffeine group at 2, 4, 5, and 6 wk into the study (t tests). At 6 wk into the study, the SBP in the 2K-IC caffeine I group was 219±4 mmHg, whereas in the 2K-IC no caffeine group the SBP was only 169±5 mmHg. 3 of 19 animals in the 2K-IC no caffeine group died during the first 3 wk after surgery, leaving 16 animals in the 2K-IC no caffeine group. 3 wk after surgery, these 16 animals in the 2K-1C no caffeine group were randomized to either caffeine (n = 8) or no caffeine (n = 8). The SBP of the group randomized to caffeine, i.e., the 2K-IC caffeine II group, continued to experience a rise in SBP; whereas, the SBP in the 2K-IC no caffeine group seemed to plateau. The overall time-pressure relationships for the 2K-IC caffeine II group and the 2K-IC no caffeine group were significantly different by two-way ANOVA (P < 0.05), and by 6 wk postsurgery; i.e., 3 wk after beginning caffeine treatment, the SBP in the 2K-IC caffeine II group was significantly (P < 0.05; t test) higher than the SBP in the 2K-IC no caffeine group (190±6 vs. 169±5 mmHg, respectively).
The SBP in the sham-control and sham-caffeine groups rose only slightly after surgery. The time-pressure relationships for the sham-control group and sham-caffeine group were nearly identical. However, the time-pressure relationship for the 2K-IC no caffeine group was significantly (P < 0.001) different compared with the time-pressure relationships for the shamcontrol or sham-caffeine groups when compared by two-way ANOVA.
Urine volume, water intake, food intake, plasma sodium concentration, and urinary sodium excretion did not differ significantly among the five groups at 6 wk past surgery (Table I) . Plasma renin activity was approximately seven times higher in the 2K-1C caffeine I group (P < 0.05; SNK) and 1.6 times greater in the 2K-1C caffeine II group (P < 0.05; SNK) compared with the 2K-1C no caffeine group (Table I) . The higher levels ofrenin probably account for the trend toward a higher fluid intake and urine volume in the 2K-1 C caffeine I group, since angiotensin II is a potent dipsogenic agent (9) . Plasma renin activity was significantly lower in the sham-caffeine or sham-control groups compared with any ofthe three 2K-1C groups (P < 0.05; SNK). Creatinine clearance in the 2K-1C caffeine I group was reduced by approximately one-half (P < 0.05; SNK) compared with any of the other four groups, whereas creatinine clearances were similar in all other groups. Plasma caffeine levels in caffeine I, II, and sham-caffeine groups were 10.5±3.4, 15.6±1.8, and 9.9±4.0,ug/ml, respectively. The right kidneys were removed from five animals each in the 2K-IC caffeine I group, 2K-IC caffeine II group, and 2K-1C no caffeine group and were submitted for histological examination. The pathologist did not know from which group a particular kidney had been obtained. Three offive kidneys from the 2K-IC caffeine I group exhibited fibrinoid necrosis of the afferent arterial (onion skin lesion) and concentric internal fibroplasia in some arteries. Such lesions were not observed in any of the kidneys taken from the 2K-IC caffeine II group or the 2K-1C no caffeine group.
During the last 3 wk of the study, three of eight rats died in the caffeine I group, and one of eight rats died in the caffeine II group. However, during this same time, no rats died in the no caffeine, sham-control, or sham-caffeine groups.
Protocol B: caffeine in enalapril-treated 2K-IC rats. As shown in Fig. 3 , 2K-1C rats receiving enalapril (0.03% in drinking water) did not develop hypertension regardless ofwhether or not caffeine was administered concomitantly with the enalapril. Upon withdrawal of enalapril, SBP began to rise in both the non-caffeinetreated and the caffeine-treated animals; however, SBP rose much more rapidly in the caffeine-treated animals compared with the non-caffeine-treated animals (P < 0.001, two-way ANOVA), and the SBP was elevated to a much greater extent (P < 0.01; t test) at 1, 2, and 3 wk after withdrawal of enalapril (i.e., 4, 5, and 6 wk after surgery) in the caffeine-treated vs. the non-caffeine-treated animals. As shown in Table II , at the end of the study, urine volume, water intake, food intake, plasma sodium concentration, urinary sodium excretion, and creatinine clearance were not significantly different between the two groups. However, plasma renin activity was approximately seven times higher in 2K-1C rats receiving caffeine compared with control 2K-1C rats (Table II) .
Protocol C: caffeine in SHR. In SHR, SBP rose progressively with age in both the caffeine-treated and non-caffeine-treated animals (Fig. 4) . Caffeine treatment did not enhance the devel- Operation TIME (WEEKS) Figure 3 . Effects of caffeine on systolic blood pressure in enalapriltreated two-kidney-one-clip rats. Caffeine was administered to half of the animals beginning I wk before renal artery clipping. After obtaining baseline systolic blood pressure, all animals were subjected to renal artery clipping and 0.03% enalapril was added to their drinking water. 3 wk after surgery, the enalapril was withdrawn, and systolic blood pressure was followed for another 3 wk. Statistics in the figure refer to unpaired Student's t test. After withdrawal of enalapril, the time-pressure relationships were different between the caffeine and non-caffeine-treated rats (two-way ANOVA). opment ofhypertension in SHR. In fact, SBP tended to be lower in caffeine-treated animals compared with non-caffeine-treated animals, although this trend was not statistically significant (twoway ANOVA). Likewise, caffeine treatment did not alter water intake, food intake, plasma sodium concentration, urinary sodium excretion, plasma renin activity, or creatinine clearance in SHR (Table III) . Urine volume was significantly lower in caffeine-treated SHR compared with controls, perhaps due to a greater loss of fluid in the feces; i.e., caffeine caused softer stools in SHR.
Discussion
The results of our experiments clearly indicate that caffeine exacerbates the development ofrenovascular hypertension in rats. The mechanism by which caffeine exacerbates renovascular hypertension most likely involves the renin-angiotensin system since caffeine increases plasma renin activity in renovascular hypertension rats, does not aggravate genetic hypertension, i.e., a normal renin model ofhypertension, and the effect ofcaffeine on arterial blood pressure in renovascular hypertension is blocked by the angiotensin I converting enzyme inhibitor, enalapril. Recently, we discovered that low-dose infusion ofadenosine into the renal artery of dogs markedly reduces the renin release response to acute reductions in renal perfusion pressure (1) . This effect of adenosine most likely is mediated via preventing the activation ofrenin release by prostaglandin I2 (PGI2), the putative extracellular mediator of renal ischemia-induced renin release (1) . This interaction between adenosine and PGI2 probably is due to the specific inhibition by adenosine of hormone-induced activation of adenylate cyclase (10) .
Even ifthe mechanism by which adenosine inhibits the renin release response to renal ischemia is more complex, the fact that this phenomenon exists suggests that endogenously produced adenosine may restrain the renin release response to renal ischemia. Adenosine normally circulates in plasma (11) and is produced in the kidney (12) . Although it is not known if acute or chronic renal artery stenosis increases renal adenosine levels, adenosine production in the kidney is enhanced by severe acute renal ischemia (13, 14) . Further, angiotensin II can stimulate adenosine release (15). Therefore, either circulating adenosine or adenosine produced in the kidney may attenuate the renin release response to chronic renal ischemia.
Production of hypertension by chronic renal ischemia is critically dependent upon activation of the renin-angiotensin system (16) . Therefore, if endogenous adenosine restrains the renin response to renal ischemia, then adenosine may play an important role in attenuating the rise in arterial blood pressure in response to renal ischemia.
Caffeine Interestingly, caffeine consumption had less ofan impact on the blood pressure of rats that had already developed hypertension compared with rats treated with caffeine from the onset of renal artery stenosis. The reason for this difference is unclear.
However, one possibility is that the role of adenosine in renin release may depend on the duration of renal ischemia.
Our finding that caffeine exacerbates experimental renovascular hypertension raises a critical question: namely, to what extent, if any, does caffeine exacerbate human renovascular hypertension? Although our results in animals should not be extrapolated hastily to apply to humans, our results underscore the need to investigate the effects of caffeine in renovascular hypertensive patients. The effects of caffeine on arterial blood pressure in humans have been studied exhaustively (24) (25) (26) , and it is clear that in essential hypertension caffeine is not deleterious. Thus, our data with genetic hypertension in rats are in harmony with observations in humans. However, to our knowledge, the effects ofcaffeine in patients with renovascular hypertension has not been examined. Since only -2% of hypertensive people have renovascular hypertension (27) , and since known cases of renovascular hypertension are usually excluded from caffeine studies, it is unlikely that the effects of caffeine on arterial blood pressure in renovascular patients have been examined in a controlled study. However, given that the plasma levels of caffeine necessary to exacerbate experimental renovascular hypertension in the present study would be obtainable by a moderate to heavy caffeine user (24) , it will be important to assess the significance of our findings in humans. 
